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methods: A total of 35 heart failure patients scheduled for CRT were included.
LV dyssynchrony was defined as the standard deviation of 16 segment time-tomaximum radial wall thickness (SDt-16) obtained from a cine-set of short-axis slices.
Delayed-enhanced MRI was performed for scar analysis. Echocardiography was used to determine response to CRT (reduction ≥15% in LV end-systolic volume 6 months after implantation).
results: At follow-up, 21 patients (60%) were classified as responders. On MRI, SDt-16 was significantly higher in responders compared to non-responders (median 97 ms vs. 60 ms, p <0.001) while the total extent of scar was larger in non-responders (median 35% vs. 3% in responders, p <0.001). At the logistic regression analysis, SDt-16 was directly associated (OR = 6.3, 95%CI 3.1-9.9, p <0.001) and the total extent of scar was inversely associated (OR = 0.52, 95%CI 0.43-0.87, p <0.001) with response to CRT.
conclusions: MRI offers the unique opportunity to assess LV dyssynchrony and scar extent in a single session. Both these parameters are important predictors of echocardiographic response to CRT.
IntroductIon
Magnetic resonance imaging (MRI) can provide a comprehensive assessment of cardiac morphology and function. Accordingly, MRI has been applied extensively for the evaluation of heart failure patients. In addition, MRI may be important for selection of candidates for cardiac resynchronization therapy (CRT). It has been demonstrated that a favorable response to CRT may depend on different factors, including the severity of left ventricular (LV) dyssynchrony, and the extent and location of scar tissue in the LV 1 . Various methods for assessment of LV dyssynchrony by MRI have recently been reported [2] [3] [4] [5] and MRI is particularly suited for assessment of scar tissue. 6 Which of these parameters (dyssynchrony, scar tissue) is more important for response to CRT is still unclear.
In the present study, a novel approach to detect LV dyssynchrony with MRI is evaluated in patients undergoing CRT. In addition, the extent and location of scar tissue is assessed using contrast-enhanced MRI. Subsequently, the relative merits of LV dyssynchrony and scar tissue for prediction of response to CRT are evaluated.
methods patient population and protocol
The study population consisted of 50 consecutive heart failure patients scheduled for CRT according to the current guidelines: New York Heart Association (NYHA) functional class III-IV despite optimal medical therapy, LV ejection fraction (EF) ≤35% and QRS duration ≥120 ms.
Patients with recent myocardial infarction (<3 months), decompensated heart failure, previous cardiac pacemaker/ICD or intracranial clips were excluded. Six patients did not undergo MRI because of atrial fibrillation and 5 patients could not complete the image acquisition because of claustrophobia. The image quality was not considered good enough for further analysis in 4 patients, due to the poor compliance of the patient during the breath-holding procedure or frequent ectopic beats. The remaining 35 patients constituted the current study population and were enrolled within 6 months. Etiology was considered ischemic in the presence of significant coronary artery disease (>50% stenosis in ≥1 major epicardial coronary artery) on coronary angiography and/or history of myocardial infarction or previous revascularization.
Magnetic resonance imaging was performed before CRT to assess LV dyssynchrony using a novel approach (details see below). Normal values for this novel MRI technique to assess LV dyssynchrony were derived from 20 subjects without echocardiographic evidence of structural heart disease and matched for age and gender. For comparison, LV dyssynchrony was also evaluated at baseline by radial strain speckle tracking analysis.
In the patients, the extent and location of scar tissue was derived from contrast-enhanced MRI. In addition, as part of the routine clinical work-up, echocardiography and assessment of clinical status (including NYHA class, 6-minute walking distance and Minnesota quality-oflife score) were performed at baseline and 6 months (±2 weeks) after CRT implantation, to evaluate response to CRT.
For MRI dyssynchrony analysis, all subjects gave informed consent and the protocol was approved by the institutional review board.
magnetic resonance imaging

Data acquisition
Data acquisition was performed on a 1.5 T scanner equipped with powertrack 6000 gradients (Gyroscan ACS-NT/Intera, Philips Medical Systems, Best, The Netherlands), using the body coil for transmission and a 5 element phased array cardiac-coil placed on the chest for signal reception. Scout images and 2-and 4-chamber acquisitions were performed (conform standard cardiac MR protocols 7 ) needed for planning. A cine-set of 10-12 multi-slice images were acquired in short-axis orientation, covering the complete LV from apex to base. Each slice was acquired in a single breath-hold. Segmented gradient-echo (turbo field echo) was used, with parallel imaging (Sensitivity Encoding, acceleration factor 2) 8 and steady-state free- In the patients, contrast-enhanced images were acquired 15 minutes after bolus injection of gadolinium diethylenetriamine pentaacetetic acid (Magnevist, Schering/Berlex, Berlin, Germany; 0.15 mmol/Kg) with an inversion recovery gradient echo sequence (400 x 400 mm 2 Field-of-View; 256 x 256 matrix size, 5-mm slice thickness with gap of -5mm, 15° flip angle, echo time 1.36 ms and 4.53-ms repetition time) 10 . The inversion time was determined with a Look-Locker sequence 11 and was typically in the range of 250-300 ms. Depending on the patient's heart rate and heart size, 20 to 24 slices in the short-axis orientation were obtained in 2 breath-hold acquisitions of approximately 15 seconds (Figure 1 ).
LV dyssynchrony analysis
From the complete short-axis dataset, 3 slices were selected representing the basal, midventricular and apical level. In these slices, epicardial and endocardial contours (excluding trabeculations and papillary muscles) were drawn for all phases, using QMass analytical software package (Medis, Leiden, the Netherlands). According to the standard 16-segment model 12 , the basal and mid-ventricular short-axis slices were divided into 6 segments, while the apical short-axis slice was divided into 4 segments. For each segment, a radial wall thickness curve was automatically plotted and the time from the R wave on the ECG to maximum wall thickness on MRI (Tt) was determined ( Figure 2 ). The analysis of LV dyssynchrony included also a maximum wall thickness eventually occurring after the systolic phase. The standard deviation of 16 segments Tt (SDt-16) was calculated as a marker of global LV dyssynchrony.
The post-processing of the images required between 6 and 10 minutes. 
Myocardial scar analysis
The endocardial and the epicardial borders were traced on short-axis slices (from the contrast-enhanced MRI dataset) and each slice was divided according to the standard myocardial segmentation 12 . Hyperenhanced regions were defined by selecting a region-of-interest inside the normal myocardium and thresholding the window setting at 5 SD above the mean signal intensity, as previously reported 13 . Normal myocardium was defined by the absence of any regional contrast enhancement on visual inspection. The total LV myocardial mass and the amount of scar tissue (expressed in grams) were quantified using QMass (Medis).
The following parameters were derived: 1) total extent of scar, expressed as percentage of LV mass; 2) scar transmurality, defined as scar exceeding >50% of the myocardial wall, in any of the 16 segments 14 ; 3) scar location, considering both transmural and non-transmural scar.
In particular, scar location was classified in 3 groups according to the typical coronary artery territories 15 : antero-septum/anterior/apex (LAD), infero-septum/inferior (RCA) and posterolateral (LCX). The typical non-ischemic mid-wall pattern was also considered as a fourth group. 
echocardiography
All patients were imaged in left lateral decubitus position using a commercially available system (Vingmed Vivid 7, General Electric Healthcare, Horten, Norway). Images were obtained using a 3.5-MHz transducer and digitally stored in cine-loop format. The analysis was performed offline using EchoPAC version 6.0.1 (General Electric-Vingmed). From the conventional apical 2-and 4-chamber views, LV end-diastolic (EDV), LV end-systolic volume (ESV) and LVEF were calculated using the biplane method of discs (modified Simpson's rule) 15 . In addition, from the short axis image of the LV at the level of the papillary muscles, LV dyssynchrony was evaluated by radial strain speckle tracking analysis, measuring the anteroseptal-to-posterior wall delay and the standard deviation of time to peak radial strain of 6 segments (SD-6s), as previously described 16;17 .
At 6 months follow-up, patients were divided into responders or non-responders, based on a reduction ≥15% in LVESV 18 .
Reproducibility of LVESV measurement was assessed on 20 randomly selected patients, using Bland-Altman analysis and repeating the measurement few days later by the same observer and by a second independent observer. According to the Bland-Altman analysis, the results were expressed as mean difference±2 standard deviation. The intra-observer agreement was 0.6±8.3 ml (p = 0.12), whereas the inter-observer agreement was 1.1±10.1 ml (p = 0.078).
The severity of mitral regurgitation was graded semi-quantitatively from color-Doppler images obtained in the parasternal long-axis and apical 4-chamber views and characterized as follows: absent, mild (ratio jet area/LA area <20%), moderate (jet area/LA area 20% to 40%) and severe (jet area/LA area >40%) 19 .
crt implantation
The LV pacing lead was inserted transvenously via the subclavian route. The reproducibility of SDt-16 measurement was assessed by Bland-Altman analysis for repeated measures (mean differences and 95% limits of agreement are reported) using a randomly selected dataset of 10 patients and 5 normal subjects (total of 240 segments).
statistical analysis
The measurements derived by a first observer were compared with the results calculated 1 month later by the same operator (intra-observer agreement) and by a second independent observer (inter-observer agreement). For all tests, a p-value <0.05 was considered significant.
A statistical software program SPSS 12.0 (SPSS Inc, Chicago, Illinois) was used for statistical analysis. Similarly, echocardiographic radial strain speckle tracking analysis showed a significant LV dyssynchrony in the patients: the anteroseptal-to-posterior wall delay was 175±90 ms and SD-6s 90±52 ms. 
Myocardial scar
Of the 35 patients, 24 (69%) had scar tissue on contrast-enhanced MRI. In these patients, the median total extent of scar was 12% (25 th and 75 th percentiles 4 and 36%) and transmural scar was present in 14 (40%) patients. In particular, scar involved most frequently the septum/anterior/apex region (8 patients, 40%) and the inferior wall (7 patients, 35%), while a postero-lateral scar was detected in 5 (25%) patients. Of interest, in 4 (27%) patients with non-ischemic cardiomyopathy, a mid-wall scar pattern was detected.
prediction of response to crt
Six months after CRT implantation, a reduction in LVESV ≥15% was noted in 21 patients (60%) who were classified as responders to CRT. Responders showed a significant improvement in clinical parameters (NYHA class, 6-minute walking distance, quality-of-life score) after 6 months of CRT, whereas non-responders did not improve, except for a modest improvement in NYHA class (Table 2) . Responders also exhibited an improvement in echocardiographic parameters (LVESV by definition, but also an improvement in LVEDV and LVEF), whereas nonresponders did not improve (Table 2) .
No significant differences in baseline clinical and echocardiographic characteristics were noted between responders and non-responders (Table 2) , except for a higher prevalence of ischemic etiology of heart failure in non-responders (86% vs. 38%, p = 0.007).
On MRI, the SDt-16 was significantly larger in responders compared to non-responders No significant difference was found between responders and non-responders for scar location (Table 3) . However, a match between LV lead position and a transmural scar was found in Table 2 . Responders versus non-responders: clinical and echocardiographic characteristics before and 6 months after CRT implantation. However, this method is mainly limited by the fact that it can include in the analysis only the basal and mid LV segments and it evaluates myocardial velocities and not measurements of active deformation. More recently, MRI tissue synchronization imaging has been proposed by Chalil et al. as a novel technique for the assessment of LV dyssynchrony and the prediction of mortality and morbidity after CRT 5 . This is a relatively simple and clinically applicable approach that tracks only the endocardium using standard short-axis views and includes the whole LV in the analysis. However, it quantifies radial wall motion and therefore is still limited by the incapability to distinguish between active deformation, passive motion and noise.
In the present study, a novel MRI method that involves both endocardial and epicardial border detection, was used. By analyzing myocardial wall thickness instead of myocardial motion, it provides accurate information on LV regional active deformation (even when it occurs after the systolic phase) and therefore may reflect true LV dyssynchrony. Furthermore, this method does not require specific acquisitions, but only involves the standard cine-set of LV short-axis slices, from which radial wall thickness is derived.
Recent studies, using speckle tracking echocardiography, suggested that LV dyssynchrony measured by radial strain analysis is a good predictor of response to CRT and appeared superior over longitudinal and circumferential strain 16;17 . Similarly, in the current study, SDt-16 demonstrated to be strongly associated with significant LV reverse remodeling at mid-term follow-up after CRT implantation. Future studies need to compare this approach with other MRI approaches for the assessment of LV dyssynchrony.
In addition, this measurement demonstrated an excellent reproducibility, although assessed in a single-center study and on the same dataset (instead of repeating the MRI scan in the same patient).
mrI for the assessment of myocardial scar
In addition to LV dyssynchrony, other factors may play a significant role in the prediction of response to CRT 1 . Initial single-center studies suggested that the amount and spatial distribution of myocardial scar may be important determinants of response to CRT 14;21-23 .
In particular, the presence of extensive scar tissue seems to be associated with limited LV remodeling and improvement in function after CRT 14;23 . However, whether the scar extent has a predictive value for response to CRT in addition to the degree of LV dyssynchrony is still unknown, since the previous studies only focused on myocardial scar analysis without considering the potential interaction with LV dyssynchrony 14;23 . In the present study, the total extent of scar was found to be strongly associated with echocardiographic response to CRT as well as LV dyssynchrony (measured with MRI). These findings confirm and support the evaluation of both parameters (myocardial scar and LV dyssynchrony) for the selection of the candidates to CRT. However, the results of the present study are not sufficient to solve more complicate clinical cases, in which the analysis of LV dyssynchrony and scar extent may provide discordant indication for CRT implantation (substantial LV dyssynchrony but extensive scar or small scar with no substantial LV dyssynchrony). Consequently, an individual and comprehensive evaluation of each patient that undergoes to CRT, including clinical, echocardiographic and MRI variables, is fundamental.
In addition, the location of a transmural scar in the postero-lateral region, where the LV pacing lead is usually positioned, seems to play an important role in the efficacy of CRT 21 .
However, White et al. have also demonstrated that a septal scar larger than 40% of the total mass was associated with unfavorable response to CRT 23 . In the current study, the scar location per se did not show a significant effect on CRT efficacy. However, a significant inverse relation was noted between the response to CRT and the presence of a match between the LV lead position and a transmural scar location.
clinical implications
The MRI approach proposed in the present study offers the potential advantage to obtain accurate measurements of both LV dyssynchrony and myocardial scar in a single session, without requiring multiple imaging investigations and specific MRI acquisitions, beyond the standard protocol. Furthermore, MRI provides detailed information about cardiac morphology and function as well as quantification of trans-valvular flows. This comprehensive approach is particularly useful in heart failure patients and, according to the current results, seems to be capable to improve the selection of candidates to CRT. However, larger patient cohorts and multicenter studies are needed to confirm these findings and a longer follow-up is necessary to perform a survival analysis.
conclusIons MRI offers the unique opportunity to assess LV dyssynchrony and the total extent of scar in a single session. Both these parameters showed to be strongly associated with echocardiographic response to CRT.
